ABSTRACT An experiment was conducted to determine the effects of Ca feeding strategy and dietary adaptation period length (DAPL) on the apparent ileal P digestibility (AIPD) and apparent ileal myo-inositol 1,2,3,4,5,6 hexakis dihydrogen phosphate (IP6) hydrolysis (AIIP6H) of corn titration diets. Nine hundred sixty Ross × Ross 708 male broiler chicks were placed into 80 battery cages. Broilers received a common starter diet until 18 d of age and then were fed one of 10 experimental treatments from 19 to 21 d of age. Nine diets were formulated to evaluate 5 corn inclusion concentrations (15, 30, 45, 60, or 75%) and 2 Ca feeding strategies (fixed at 0.35% or 1.4:1 Ca:P) after 3 DAPL (zero, 24, and 48 h). As a control for DAPL, one treatment group received the common starter diet for the duration of the experiment. Broilers consuming the control diet had higher (P < 0.001) BW gain and feed intake than broilers fed the corn titration diets. Apparent ileal P digestibility of the control diet was affected (P = 0.038) by DAPL. For diets formulated with a 1.4:1 Ca:P ratio, negative linear effects (P < 0.05) on AIPD and AIIP6H were observed with increasing corn. Conversely, for diets formulated with 0.35% Ca, positive linear effects (P < 0.05) were measured for AIPD after a 48 DAPL while no linear or quadratic effects (P > 0.05) were measured for AIPD or AIIP6H for other DAPL. Broilers fed diets formulated with 1.4:1 Ca:P had variable (P < 0.05) true ileal P digestibility (TIPD; 32.2, 15.1, and 35.4%) and negative endogenous P losses (EPL;, and −262 mg/kg DM intake) for zero, 24, and 48 h DAPL, respectively. Conversely, TIPD values (41.2, 39.1, and 47.3%) were similar (P > 0.05) and EPL were positive (102, 197, and 154 mg/kg DM intake), regardless of DAPL, for broilers fed diets formulated with 0.35% Ca. These data demonstrated that formulating diets with a 1.4:1 Ca:P ratio affected AIPD of the titration diets, shifting the regression line and predicted negative EPL and an underestimation of TIPD.
INTRODUCTION
Phosphorus availability data have been reported to vary among common feedstuffs (Shastak and Rodehutscord, 2013) and are likely a result, in part, of differences in experimental methodologies among laboratories (Rodehutscord, 2009) . To ameliorate some of this variability, the World's Poultry Science Association (WPSA) has proposed a standard method to generate feedstuff true ileal P digestibility (TIPD) values. Less variable P availability data generated by the C 2016 Poultry Science Association Inc. Received November 23, 2015. Accepted July 7, 2016. 1 Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by Auburn University. 2 Corresponding author: WAD0005@auburn.edu TIPD method should allow nutritionists to formulate diets that more efficiently meet the P requirements of broilers. However, researchers have reported variability in data for apparent ileal P digestibility (AIPD) of titration diets resulting in regression equations that predicted negative endogenous P losses (EPL) and inconsistent TIPD values (Dilger and Adeola, 2006; Iyayi et al., 2013; Liu et al., 2013 Liu et al., , 2014 Mutucumarana et al., 2015) . Negative EPL are not only physiologically impossible, but also lead to lower estimates of TIPD compared with estimates of TIPD from regression equations that did not predict negative EPL (Mutucumarana et al., 2015) . Values for TIPD should, in fact, always be higher than apparent digestibility values (Fan et al., 2001 ). Negative EPL were predicted when titration diet AIPD decreased linearly when the test P source was added to the experimental diets (Liu et al., 2013; Mutucumarana 611 et al., 2014c Mutucumarana 611 et al., ,d, 2015 . However, linear increases in AIPD should occur as the test P source is titrated into the experimental diets, as EPL contribute proportionally less to digesta P output (Fan et al., 2001) .
Calcium feeding strategy has been indicated to influence measures of true P utilization (TPU) including TIPD (Mutucumarana et al., 2015; Perryman et al., 2016) , but a direct relationship between Ca feeding strategy and negative EPL has yet to be established. The method proposed by the WPSA recommends that titration diets are formulated with a fixed Ca:total P (tP) Ca feeding strategy. However, this feeding strategy requires that additional Ca also be titrated into the diet with increasing P to maintain the Ca:tP ratio. Because Ca influences P availability (Selle et al., 2009; Mutucumarana et al., 2014b) , differences in dietary Ca could be a primary source of the variability observed in titration diet AIPD values. Research conducted by Perryman et al., (2016) demonstrated differing effects of either high (0.95%) or low (0.13%) Ca feeding strategies on AIPD and TPU. Moreover, when a fixed Ca:tP ratio (2.1:1) feeding strategy was evaluated, negative EPL were predicted by these authors. Differences in TIPD and negative EPL also were measured by Mutucumarana et al., (2015) when they determined the TIPD of soybean meal in diets with different Ca:tP ratios. However, a Ca:tP ratio of 1.4:1 and an intermediate fixed (0.35%) Ca feeding strategies have yet to be evaluated.
Dietary adaptation period length (DAPL) also may influence the AIPD of low P titration diets possibly affecting estimates of TIPD and predictions of EPL. Researchers typically utilize DAPL between 3 to 10 d to mitigate any potential negative homeostatic effects of transferring animals from diets containing common feedstuffs to semipurified treatment diets (Dilger and Adeola, 2006; Iyayi et al., 2013; Liu et al., 2013; Mutucumarana et al., 2014a,b) . The WPSA recommends DAPL of at least 5 d (WPSA, 2013) . These long DAPL may result in broilers adapting to low-P titration diets to maintain P homeostasis resulting in higher AIPD (Yan et al., 2005) . Conversely, feeding semipurified P and Ca deficient diets for long DAPL may affect P metabolism due to reduced feed intake (FI) and growth rates (Shastak et al., 2014) . Therefore, shorter DAPL may be advantageous. However, short (<5 d) DAPL have been avoided due to the potentially negative effects of purified ingredients on gastrointestinal tract (GIT) physiology Yamauchi, 2003, 2004) . Research conducted in our laboratory indicated variable results of short DAPL on titration diet P availability (Perryman et al., 2013) .
Limited research has been conducted to examine the effects of different Ca feeding strategies and short (≤48 h) DAPL on TIPD and the possible prediction of negative EPL. Therefore, an experiment was conducted to assess 3 DAPL (zero, 24, or 48 h) and 2 Ca feeding strategies (0.35% Ca or fixed Ca:tP ratio of 1.4:1) on dietary AIPD and corn TIPD in growing broilers. Corn was selected as the experimental P source due to its importance as a primary feedstuff in the poultry industry. Because corn P is primarily stored as phytate or Camagnesium salts of phytic acid (IP6), apparent ileal IP6 hydrolysis (AIIP6H) also was assessed. It was hypothesized that Ca feeding strategy and different DAPL would affect diet AIPD, altering both predictions of EPL and estimates of TIPD.
MATERIALS AND METHODS
The experimental protocol involving live birds (PRN 2013 (PRN -2342 was approved by the Institutional Animal Care and Use Committee at Auburn University.
Bird Husbandry
Nine hundred sixty Ross × Ross 708 male broilers were obtained from a commercial hatchery and vaccinated for Marek's disease, Newcastle disease, and infectious bronchitis. Broilers were placed into 80 grower battery cages (12 per cage; 0.039 m 2 /bird; Petersime, Gettysburg, OH) in a close-sided research facility. Battery cages (68 cm × 68 cm × 38 cm) contained one trough waterer and one trough feeder. Rooms were equipped with cooling pads and forced-air furnaces to maintain temperature set points. Temperatures were set to 33
• C at placement and were decreased gradually to 27
• C by the conclusion of the experiment. Lighting intensity was maintained at 30 lux, and a 23L:1D photoperiod was used from one to 18 d of age. From 19 to 21 d of age, a 16L:8D photoperiod was used, with lights turning off 11 h prior to collections (8 h dark followed by approximately 3 h of ad libitum feed exposure) to ensure adequate FI for the sampling of ileal digesta. Lights were turned off in the second room, 2 h after the first room to account for the time it would take to collect the ileal digesta from broilers in the first room. Therefore, eating schedules and light exposure among pens were similar between rooms. Broilers were fed a common corn-soybean meal (SBM) starter diet (AME n , 3,200 kcal/kg; Lys, 1.50%; TSAA, 1.15%; Thr, 1.00%; Ca, 1.09%; and non-phytate P (NPP), 0.50%) until receiving experimental diets at 19 d of age. Birds and feed were weighed on a per cage basis at the beginning and at the termination of the experimental period for the determination of FI and BW gain (BWG).
Dietary Treatments
Broilers were randomly assigned to one of 10 experimental diets. Experimental diets were formulated to assess the effects of Ca concentration on TIPD of the corn source. Crude protein, tP, phytate P, and NPP concentrations of the test corn source are presented in Table 1 . Diets were formulated with one of 5 corn concentrations (15, 30, 45, 60, or 75%) and one of 2 Ca feeding strategies (fixed at 0.35% or variable Ca 3 Determined using high-performance ion chromatography using the methods of Blaabjerg et al. (2010) . 4 Phytate P content was calculated based on IP6 having 28.2% P.
5 Calculated as the difference between total P and phytate P.
concentrations to maintain a 1.4:1 Ca:tP ratio). Five corn inclusion concentrations were used to increase the power of analysis, as improving the fit of the regression line may reduce previously observed variability in the prediction of EPL (Mutucumarana et al., 2014c (Mutucumarana et al., ,d, 2015 . The dietary treatment formulated with 75% corn and 1.4:1 Ca:tP ratio (Diet 5) had 0.35% Ca. Therefore, this Ca concentration was selected for the set of titration diets with a fixed Ca inclusion level. Therefore, the diet with a fixed Ca:tP ratio and 0.35% Ca also was utilized as the summit diet (75% corn) for the set of diets formulated with 0.35% Ca. This allowed regression analysis of 2 sets of titration diets with 5 corn concentrations each.
Increases in dietary P content were accomplished by titrating corn into the experimental diets. Calculated tP concentrations were 0.10, 0.14, 0.17, 0.21, or 0.25%, and NPP concentrations were 0.035, 0.038, 0.041, 0.044, or 0.047% for diets containing 15, 30, 45, 60, or 75% corn, respectively. All diets, except for the control diet (0.78% tP, 0.50% NPP) were deficient in P as required for the determination of TIPD (WPSA, 2013) . Corn was titrated into the diets at the expense of a 50:50 blend of cornstarch and dextrose (Kong and Adeola, 2013) . All experimental diets were formulated to be isocaloric (3,200 kcal AME n /kg) and isonitrogenous (21% CP; 1.50% Lys; 1.15% TSAA; 1.00% Thr) with low-ash potato protein and egg protein concentrates as the primary CP/amino acid source. The use of basal ingredients that provided P only as NPP (casein) has been cited as a possible reason for negative EPL (Liu et al., 2013 (Liu et al., , 2014 . In order to address this concern, a protein source with phytate P (low-ash potato protein) was utilized in dietary formulations.
A control diet was formulated with SBM as the primary amino acid source and had the same formulation as the common starter diet except for the addition of the inert markers. This diet served as a control for DAPL as broilers assigned to this dietary treatment were fed the same diet for the entire experiment except for the addition of inert markers. The control diet contained dicalcium phosphate as a source of inorganic P to maintain a Ca:tP ratio of 1.4:1 and Ca:NPP ratio of 2.2:1, which were based on nutrient recommendations for the broiler strain utilized in this experiment (Ross 708 Broiler Nutrition Specification, 2014) . All diets contained TiO 2 and Cr 2 O 3 as digestibility and visual markers, respectively.
Ileal Digesta Collections
Broilers were fed the experimental diets on d 19. Digesta collection for the zero h DAPL occurred at the first observation of Cr 2 O 3 in excreta of the broilers in the first cage being sampled. The first appearance of Cr 2 O 3 in the excreta occurred approximately 3 h after broilers were fed the experimental diets. It can be assumed that the first observation of Cr 2 O 3 in the excreta signified the earliest possible collection time for which ileal digesta content originated from the experimental feed and not from the common starter diet. Subsequent digesta collections occurred at 24 and 48 h after the zero h collection. Additionally, access to feed was removed after the first observation of Cr 2 O 3 in the excreta so feed exposure was similar among cages.
After each DAPL, 4 birds were randomly selected from each cage and euthanized via CO 2 asphyxiation via the guidelines published by the American Veterinarian Medical Association (AVMA) for the determination of diet AIPD (AVMA, 2013). The birds were placed into a closed, transparent chamber, followed by the addition of CO 2 at a low flow rate. The chamber was not prefilled and displacement of the air was approximately 20% of the chamber volume per minute. Gas flow was maintained for at least 5 minutes. Clinical death was verified visually (absence of breathing and eyelid blink) before removing birds from the chamber. To ensure irreversibility of euthanasia, cervical dislocation also was performed.
Digesta samples were collected by gently flushing out the contents of the terminal ileum using deioizeddistilled water. The sampled subsection of ileum was between 4 and 30 cm proximal to the ileo-cecal junction, which corresponded to the terminal two-thirds of the ileum for broilers of this BW. If a randomly selected broiler had a noticeably smaller ileum, the proximal one-third was not excised for sample collection (Rodehutscord et al., 2012) . Digesta were pooled by cage and retained on ice before being frozen at −20
• C until later analysis. Frozen samples of digesta were lyophilized and ground through a one mm screen with an electric coffee grinder to avoid significant loss due to the small sample size.
Chemical Analyses
Ten subsamples of the experimental corn source were collected and pooled. A representative sample was lyophilized (Virtis Genesis Pilot Lyophilizer, SP Industries, Warminster, PA) and ground through a cyclone mill (Cyclotec model number 1093, Foss North America, Inc., Eden Prairie, MN) equipped with a one mm screen to ensure a homogeneous mixture. This sample was then subjected to duplicate analyses for CP, tP, phytate P, and Ca concentrations (Table 1) . Corn CP concentrations were determined via the Dumas method (method 990.03; AOAC International, 2006) using a N analyzer (Rapid N Cube, Elementar Analysensysteme GmbH, Hanau, Germany) with CP calculated as N × 6.25.
Phosphorus and Ca concentrations of the corn sample were determined by a commercial laboratory (University of Arkansas Central Analytical Laboratory, Fayetteville, AR) via inductively coupled plasma optical emission spectroscopy (method 990.08; AOAC International, 2006) . Concentrations of IP6 were determined using high-performance ion chromatography according to the methods of Blaabjerg et al. (2010) . Phytate P concentrations were calculated assuming that IP6 is 28.2% P. Non-phytate P contents of the corn were calculated as the difference between analyzed tP and phytate P concentrations. All mineral assays were performed in quadruplicate for diet samples or in duplicate for digesta samples. Phosphorus and Ca concentrations in the diets and P concentrations in the digesta were analyzed using the same laboratory and methodology as previously described for the test corn sample. Eight replicate cages were used for calculating AIPD while only the first 4 replicate cages were used for calculating AIIP6H due to logistical constraints.
Titanium dioxide concentrations were determined by a method based on that of Leone (1973) . Briefly, 0.25 g of digesta or feed were added to threaded glass test tubes and ashed at 580
• C for 10 h; 0.8 g of NaSO 4 was added to the ashed samples, which were digested in 5 mL of H 2 SO 4 and then heated at 130
• C for 72 h; tube contents were diluted to 50 mL with distilled deionized water and held for 12 h at 25
• C; 3 mL of feed sample or one mL of digesta sample digestate plus 2 mL of 1.8 M H 2 SO 4 were added to glass test tubes with 150 μL of H 2 O 2 ; after allowing 30 min for color development, absorbance was measured on a spectrophotometer (DU 730, Beckman Coulter, Brea, CA) at 410 nm. Accuracy of this method was verified by assaying the TiO 2 of the diets (formulated with 0.50%), which resulted in values between 0.48 and 0.51%.
Calculations
Data generated from chemical analyses of ileal digesta were used for the calculation of AIPD, P output on a dry-matter intake basis (P O-DMI ), true P indigestibility (TPI), and TIPD. Percent AIPD was calculated for each treatment using the following equation:
where P Digesta and P Diet equal analyzed percent concentrations of P in the digesta and diets, respectively, and TiO 2 Digesta and TiO 2 Diet represent the analyzed percent concentrations of TiO 2 in the digesta and diets, respectively. This same equation was utilized to calculate AIIP6H with IP6 concentrations replacing P concentrations of the digesta and diet. Phosphorus output from the ileum on a DM intake (DMI) basis was calculated via the following equation (Mutucumarana et al., 2015) :
where P O-DMI represents P output on a DMI basis (mg/kg) and P O-DMO represents P output on a DM basis of the digesta samples. To calculate TIPD, P output on a DMI basis of the ileal digesta were regressed against dietary P intake as described by Dilger and Adeola (2006) using the following regression equation:
where TPI is representative of true P indigestibility, P I is P intake, and EPL is endogenous P losses on a DMI basis. This equation represents the simple linear regression of P O-DMI on P I , where TPI is the slope and EPL is the Y-intercept. True ileal P digestibility was calculated using the following equation:
where TIPD is the percentage of true ileal P digestibility.
Statistical analyses
The experiment was arranged as a randomized complete block design. Cage location was the blocking factor and individual cages were the experimental unit. All measurements were represented by 8 replicate cages per treatment, except for IP6 analysis, which represented 4 replicate cages per treatment. Regression analysis was conducted using PROC REG (SAS Institute, 2004) . Regression coefficients of the slope (true P indigestibility) and Y-intercept (endogenous P losses) were compared using 95% CI. Additionally, EPL were not considered to be different from zero if the point representing zero P intake fell within the 95% CI for the Y-intercept. Polynomial contrasts for the determination of linear and quadratic effects of corn inclusion on BW gain, FI, P output of the digesta, AIPD, and AIIP6H were analyzed using PROC GLM (SAS Institute, 2004) . Differences between broilers consuming the control diet or treatment diets were compared using preplanned orthogonal contrasts in PROC GLM (SAS Institute, 2004) .
When the 75% corn diet was excluded, AIPD data could be further analyzed as a 2 × 3 factorial with 2 dietary Ca feeding strategies and 3 DAPL treated as repeated measures. This analysis was used to understand how changes in Ca feeding strategy or DAPL affected the prediction of EPL and TIPD estimates in reference to AIPD data. Analysis of variance was performed using PROC MIXED (SAS Institute, 2004) by the following mixed-effects model:
where μ. . . is the overall mean; the ρ i are identically and independently normally distributed random block effects with mean 0 and variance σ 2 ρ ; the α j are fixed factor level effects corresponding to the j th dietary Ca feeding strategy (fixed at 0.35% or variable Ca concentrations to maintain a 1.4:1 Ca:tP ratio) such that Σα j = 0; the β k are fixed factor level effects corresponding to the k th DAPL (zero, 24, or 48 h) such that Σβ k = 0; the (αβ) jk are interaction level effects corresponding to all possible permutations of either the j th Ca feeding strategy effect and k th DAPL such that Σ(α-β) jk = 0; and the random error ε ijk is identically and independently normally distributed with mean 0 and variance σ 2 . Statistical significance was considered at P ≤ 0.05, and significantly different treatment means established by a significant overall F-test were further separated using Tukey's Honestly Significant Difference test (Tukey, 1953) .
RESULTS AND DISCUSSION

Nutrient Analysis and Broiler Performance
Analyzed nutrient concentrations of the test corn source are presented in Table 1 . Concentrations of CP (7.87%) and P (0.27%) were similar to values reported for corn grain by the National Research Council (National Research Council, 2010). Phytate P (0.23%), NPP (0.04%), and Ca (0.02%) concentrations were also similar to data published by the National Research Council (NRC, 2010) . Experimental diets were formulated using analyzed nutrient concentrations. As corn was titrated into the experimental diets, tP, phytate P, and NPP content increased (Table 2) . Analyzed nutrient concentrations of the diet were utilized when calculating nutrient intake and digestibility data.
Similar to previously published TIPD data (Perryman et al., 2013 (Perryman et al., , 2016 Liu et al., 2014; Mutucumarana et al., 2015) , analyzed dietary Ca concentrations varied, which resulted in Ca:tP ratios of 1.3 to 1.9 for diets formulated to have a Ca:tP ratio of 1.4:1.
Additionally, analyzed dietary Ca concentrations ranged from 0.30 to 0.38% for diets formulated with 0.35% Ca. These differences may be a source of the variability typically reported for AIPD of titration diets for the determination of TIPD (Perryman et al., 2013 (Perryman et al., , 2016 Liu et al., 2014; Mutucumarana et al., 2015) . However, variability in P digestibility resulting from differences in dietary Ca concentration may be partially accounted for when analyzing data from multiple diets using regression analysis (Fan et al., 2001 ). In the current trial, the average Ca:tP ratio for diets formulated with a 1.4:1 Ca:tP ratio was 1.6:1, and the average Ca for the 5 diets formulated with 0.35% Ca was 0.35%.
Broilers consuming the corn titration diets had lower (P < 0.001) FI compared with broilers fed the control diet (Table 3) . Additionally, FI increased (linear, P < 0.001) with increasing dietary P content as corn replaced the 50:50 blend of corn starch and dextrose, independent of Ca concentration. Previous data have indicated that broilers consumed less feed when fed P deficient diets (Driver et al., 2005) . Reductions in FI also have been reported when researchers fed broilers diets containing purified ingredients (Sullivan, 1999; Mutucumarana et al., 2014c,d; Shastak et al., 2014) . In the present experiment, broilers fed the titration diets consumed deficient quantities of P and Ca, which resulted in lower (P = 0.04) BWG for these broilers compared with birds fed the control diet. However, no linear or quadratic effects (P > 0.05) were observed for BWG in response to graded increases in P from added corn. The random removal of 4 birds per pen for each sampling time inherently increased the observed variability of BWG in this experiment.
Apparent Ileal Digestibility
The AIPD of titration diets were affected differently depending on dietary Ca feeding strategy and DAPL (Table 4) . When titration diets were formulated with 0.35% Ca, linear and quadratic (P = 0.003) increases in AIPD were observed with added corn after a 48 h DAPL. However, no linear effects of increasing corn on AIPD were observed after DAPL of zero or 24 h. Similarly, DAPL did not affect (P > 0.05) AIIP6H when corn titration diets were formulated with 0.35% Ca. Conversely, when the Ca:tP ratio was maintained at 1.4:1, linear decreases (P < 0.05) were observed for AIPD and AIIP6H, regardless of DAPL. Additionally, broilers fed the control diet had higher (P < 0.001) AIPD values (49.8%) compared with the corn titration diets (39.4%). The opposite effect was observed for AIIP6H, which was negative (-5.9%) and lower (P < 0.001) for the control diet compared with AIIP6H data (21%) observed for the corn titration diets.
Apparent ileal P digestibilities of the corn titration diets (18 to 57%) were similar to the range (25 to 57%) previously reported in our laboratory when feeding comparable diets (Perryman et al., 2016) . However, Mutucumarana et al. (2014c; 2015) . In titration diets formulated with a fixed Ca:tP ratio, lower analyzed Ca concentrations of diets with low P resulted in high estimates for AIPD and AIIP6H. Diets with low Ca concentrations (<0.15%) have been reported to increase phytate disappearance (Tamim and Angel, 2003; Tamim et al., 2004) . When the Ca concentration of the diet was titrated higher (0.13 to 0.36%) in order to maintain the Ca:tP ratio, both AIPD and AIIP6H were negatively affected. Similar linear decreases in AIPD were observed by Liu et al. (2013) when SBM and CaCO 3 were titrated into diets to maintain fixed Ca:tP ratios. Adding CaCO 3 to diets resulted in progressively wider Ca:NPP ratios (4.0 to 7.4 Ca:NPP). Wide Ca:NPP ratios have been reported to decrease P availability (Hurwitz and Bar, 1971, Smith and Kabaija, 1984; Shafey, 1993; Lei et al., 1994; Plumstead The treatment with Ca = 0.35 and 75% corn is the same as the dietary treatment with a Ca:P = 1.4:1 and 75% corn. 3 The control diet was a corn-soybean meal diet with a 1.4:1 Ca:total P ratio and was the same formulation of the common starter diet except for the addition of inert markers (TiO 2 and Cr 2 O 3 ). 4 The P-value associated with the F-test for overall significance of regression was less than 0.05 for each model tested. et al., 2008 ). This problem is unavoidable when maintaining a fixed Ca:tP ratio due to inherent differences in NPP and phytate P concentrations of many common feedstuffs (Eeckhout and de Paepe, 1994) .
Titrating corn P into diets formulated with 0.35% Ca generally did not affect AIPD or AIIP6H with the exception of AIPD after a DAPL of 48 h. These data indicate that a fixed dietary Ca concentration may limit variability when assessing P availability. This is logical as differences in dietary Ca concentration have been reported to have a strong influence on both AIPD and AIIP6H (Selle et al., 2009 ). The linear increase in diet AIPD due to increasing corn P after a DAPL of 48 h may have been attributable to broilers adapting to differences in the Ca:tP ratios of the titration diet. The Ca:tP ratio of the 15% corn diet was widest (3.3) and likely responsible for the low AIPD (18.0%) value measured at 48 h. Wide Ca:tP ratios have been reported to negatively affect P availability (Qian et al., 1997; Liu et al., 2013) . However, the wide Ca:tP ratio did not seem to result in lower AIPD for the 15% corn diet at the zero h (32.4%) collection. Perhaps the wide Ca:tP ratio of the 15% corn diet resulted in broilers becoming less able to digest and absorb P as DAPL increased. Therefore, a possible minimal P concentration similar to that provided by the 30% corn (0.13% P, 2.8 Ca:tP ratio) diet may be required when assessing the AIPD of diets with 0.35% Ca when utilizing short DAPL. Moreover, the lack of significant linear effects for AIPD after DAPL of zero and 24 h may have been related to wide variability between measures of diet AIPD. Similar variability associated with measures of P availability of corn titration diets after short DAPL have been previously reported (Perryman et al., 2013) .
The length of the dietary adaptation period also affected (P = 0.038) AIPD for broilers fed the diet serving as a control for DAPL (Figure 1) . Additionally, DAPL differences for corn titration diets with different Ca feeding strategies did not appear to be the result of physiological adaptations to improve P digestibility of the low-P titration diets. If broilers were adapting to the lowest P diets to increase P digestibility, increasing DAPL would result in measurements of linear decreases in diet AIPD when titrating corn into the diets due to higher AIPD values for the low-P diets. However, these effects were not observed in the current experiment. Conversely, linear increases in AIPD were measured after a 48 DAPL for diets formulated with 0.35%, while linear decreases were observed for diets formulated with a fixed Ca:tP ratio regardless of DAPL. The DAPL in the current research were possibly too short to elicit an improvement in P digestibility of low-P diets to maintain P homeostasis. Previous evidence of broilers adapting to low-P diets required several wk of dietary exposure (Yan et al., 2005) . These data indicated that DAPL effects on P availability were likely related to factors other than differences in dietary P concentrations. As no clear effects of diet type were observed because of differences in DAPL, a recommendation for DAPL when assessing the AIPD of titration diets cannot be made at this time. However, because differences in DAPL affected AIPD, a standard DAPL should be established for future TIPD protocols. Additional research on this topic is warranted.
The control diet had higher AIPD compared with the corn titration diets because an inorganic P source was formulated into the control diet. This resulted in a lower Ca:NPP ratio (2.1:1) for the control diet compared with the corn titration diets (>4.0). Conversely, AIIP6H of the control diet was lower than the AIIP6H of the corn titration diets because the control diet had more dietary Ca (1.38 or 0.31%, respectively) and P (0.76 or 0.16%, respectively) than the corn titration diets. Excess analyzed Ca in the control diet likely originated from SBM (Edwards, 1993) . Increased dietary Ca concentrations have been reported to decrease phytate P disappearance in broilers (Nelson and Kirby, 1987; Applegate et al., 2003; Tamim and Angel, 2003; Plumstead et al., 2008) as have higher NPP concentrations (Abudabos, 2012; Shastak et al., 2014) .
True Ileal Phosphorus Digestibility
True ileal P digestibility was affected differently depending on Ca feeding strategy and DAPL (Table 5) . Different DAPL did not affect (P > 0.05) TIPD (37.9 to 47.3%) or EPL (102 to 167 mg/kg DMI) when diets were formulated with 0.35% Ca. Conversely, EPL were negative (−190, −524 , and −262 mg/kg DMI) and varied based on 95% confidence intervals for diets formulated with a fixed Ca:tP ratio. True ileal P digestibility of corn were affected (P < 0.05) by DAPL for diets formulated with a fixed Ca:tP ratio. Values for corn TIPD were 32.2, 14.2, and 35.4% after DAPL of zero, 24, and 48 h, respectively. The lowest TIPD estimate (14.2%) corresponded with the most negative predicted value for EPL (-524 mg/kg DMI) and the most significant linear decrease in AIPD as a result of increasing corn inclusion concentrations. More research is warranted to elucidate the reasons that this strong linear decrease in AIPD, which resulted in the prediction of the most negative EPL, occurred after a 24 h DAPL for diets formulated with a fixed Ca:tP ratio.
Estimates for TIPD of corn in the present experiment (14.2 to 47.3%) were lower compared with previously published corn TIPD (67.6%, Mutucumarana et al., 2014c; 42.6 and 72.8%, Mutucumarana et al., 2015) . Higher corn TIPD determined by Mutucumarana et al. (2014c Mutucumarana et al. ( , 2015 were likely related to differences in Ca feeding strategy, as diets utilized by these researchers contained less Ca (<0.16%). Corn TIPD values have been reported to be influenced by the Ca concentration of the titration diets (Mutucumarana et al., 2015; Perryman et al., 2016) . Additionally, the corn TIPD value of 42.6% reported by Mutucumarana et al. (2015) was lower than the other 2 estimates determined by their laboratory (Mutucumarana et al., 2014c) due to the prediction of negative EPL (-1,016 mg/kg DMI) for that specific regression equation.
Negative Endogenous Phosphorus Losses
The prediction of negative EPL influences the estimation of feedstuff TIPD. Negative EPL have been reported when applying the regression method to estimate the TPU of feedstuffs in poultry (Dänner et al., 2006; Iyayi et al., 2013; Liu et al., 2013; Mutucumarana et al., 2014c Mutucumarana et al., ,d, 2015 Perryman et al., 2016) . Researchers have indicated the predicted negative EPL could be a result of inherent limitations associated with the extrapolation of the regression line (Mutucumarana et al., 2014c,d) . To improve the fit of our regression line, 5 corn titration diets were utilized per Ca feeding strategy. However, negative EPL were still predicted by regression analysis of titration diet AIPD for diets formulated with a fixed Ca:tP ratio.
Additionally, research conducted by Liu et al. (2013 Liu et al. ( , 2014 indicated that the prediction of negative EPL was a result of titrating SBM into the diet while subsequently reducing the basal protein source (casein). When SBM was titrated into the diets, the observed linear decreases in titration diet AIPD were attributed to phytate P from the test P source replacing the highly digestible NPP from casein (Liu et al., 2013 (Liu et al., , 2014 ). In the current study, a blend of 2 protein sources (egg white protein and low-ash potato protein) was utilized to provide a relatively equal mix of both phytate P and NPP in the basal diet.
Although a protein blend with less digestible P was used in the current experiment, linear decreases (P < 0.05) in AIPD were still observed when corn was titrated into diets with a Ca:tP ratio of 1.4:1. Regression analysis of these AIPD data predicted negative EPL. Conversely, AIPD increased when corn was titrated into diets with a fixed Ca concentration of 0.35%. This occurred despite the replacement of protein source P with corn P in the exact same manner as diets formulated with a 1.4:1 Ca:tP ratio. Regression analysis of AIPD data for diets formulated with 0.35% Ca predicted positive EPL. Therefore, these data indicated that the Ca feeding strategy used in the determination of TIPD is a contributor to the prediction of negative EPL.
Different Ca feeding strategies have generated different estimates of EPL for the same feedstuff (Dilger and Adeola, 2006; Liu et al., 2013; Mutucumarana y a-c Estimates not sharing a common superscript differed (P < 0.05) as compared using 95% confidence intervals. w-z Least square means not sharing a common superscript differed (P = 0.001; SEM = 2.4) as compared using Tukey's Honestly Significantly Different test (Tukey, 1953) .
1 Regression of ileal digesta P output (g/kg of DM intake) vs. dietary P intake (g/kg DM) as determined from feeding broilers gradient concentrations of corn (15, 30, 45, 60, or 75%) and diets formulated with either a Ca:total P = 1.4:1 or Ca = 0.35%. The slope represents true ileal P indigestibility, and the intercept represents endogenous P loss (g/kg of DMI). Corn was the test P source for true ileal P digestibility.
2 Significance of regression. 3 Standard error of the slope representing true P indigestibility and standard error of the intercept representing endogenous P loss. 4 Calculated as the regression intercept ×1,000. 5 Calculated as (1 -true P indigestibility) ×100. et al., 2014c,d, 2015) . When diets had a fixed Ca:tP ratio, negative EPL were predicted for corn (Mutucumarana et al., 2015) and SBM (Liu et al., 2013; Mutucumarana et al., 2015) . Conversely, when dietary Ca:NPP ratios were fixed, positive EPL were predicted for corn (Mutucumarana et al., 2014c) and SBM (Mutucumarana et al., 2014d) . Consequently, maintaining fixed Ca:NPP ratios required diets to be formulated with very low Ca concentrations for both corn-(0.04 to 0.16%, Mutucumarana et al., 2014c) and SBM-(0.06 to 0.24%, Mutucumarana et al., 2014d) based diets. However, TIPD may be overestimated when feeding titration diets with low Ca concentrations. Estimates for the TIPD of SBM ranged from 79.8 (Mutucumarana et al., 2014d) to 93.9% (Dilger and Adeola, 2006) . Nonphytate P comprised between 33 and 43% percent of the tP for these test SBM, thus indicating substantial phytate P utilization in these low Ca diets. Low dietary Ca concentrations (0.18%) have increased phytate P disappearance in broilers compared with diets formulated with 0.68% Ca (Tamim and Angel, 2003) . However, poultry diets are typically formulated with over 0.70% Ca, so TIPD data generated using diets formulated with low Ca concentrations may have limitations in practical feeding applications (Ross 708 Broiler Nutrition Specification, 2014). Theoretically, the AIPD of titration diets for the determination of TIPD should be lowest when diet P is very low due to the influential contribution of actual EPL to digesta P (Fan et al., 2001) . Therefore, diet AIPD should increase when the test P source is titrated into the diets. However, in most instances when regression analysis predicted negative EPL, the lowest Pcontaining diets had the highest AIPD, and the highest P-containing diets had the lowest AIPD (Iyayi et al., 2013; Liu et al., 2013; Mutucumarana et al., 2015) . In these studies, the titration diets were formulated with a fixed Ca:tP ratio, so diets with the highest P also had the highest Ca. High dietary Ca concentrations may increase actual EPL due to Ca chelating endogenous phosphate, limiting potential reabsorption of endogenous P. Rutherfurd et al. (2002 Rutherfurd et al. ( , 2004 reported EPL ranging from 227 to 446 mg/kg DMI when feeding very low-P (0.02%) diets with 0.78% Ca. Conversely, lower EPL (104 mg/kg DMI) were reported by Mutucumarana (2014a) when feeding diets with 0.08% Ca. These data indicated that feeding different Ca concentrations may influence actual EPL, altering P output in the digesta and affecting AIPD.
Regression equations that predicted negative EPL had TIPD estimates that were numerically less than the AIPD of the same dietary treatments after each adaptation period (Table 5 ). Apparent ileal P digestibilities were lower (P < 0.05) for diets with 0.35% Ca than diets with the fixed Ca:tP ratio (0.27% average Ca), likely due to the strong negative effects of dietary Ca on P availability (Selle et al., 2009 ). Conversely, TIPD values were higher (P < 0.05) for diets with 0.35% Ca compared with diets formulated to maintain a fixed Ca:tP ratio after DAPL of zero or 24 h. This was a result of AIPD for diets with the fixed Ca:tP ratio being corrected downwards rather than upwards when estimating TIPD as a result of the predicted negative EPL. Researchers have reported similar effects on TIPD values compared with apparent digestibility or retention data when regression equations predicted negative EPL (Iyayi et al., 2013; Liu et al., 2013; Mutucumarana et al., 2014c Mutucumarana et al., ,d, 2015 . These lower TIPD estimates are contrary to the accepted understanding that true digestibility values should be higher than apparent digestibility values (Fan et al., 2001) . Therefore, regression equations that predict negative EPL likely underestimate TIPD and indeed must be considered as suspect.
When diets were formulated with a fixed Ca concentration of 0.35%, positive EPL were predicted and TIPD estimates were corrected to values greater than those of AIPD. Estimates for TIPD of corn (37.9 to 47.3%) were similar to reported standardized P retention values (37.6 to 40.2%) for which AIPD values were corrected using directly measured, rather than predicted EPL (Liu et al., 2014) . Results of the current study indicated that formulating diets with a fixed Ca concentration may be a more suitable method for the determination of feedstuff TIPD.
In conclusion, these data presented herein demonstrated that Ca feeding strategies and DAPL affect TIPD and the prediction of EPL when diets were formulated to maintain a Ca:tP ratio. Apparent ileal P digestibility for these diets decreased linearly with increasing corn P, resulting in predicted negative EPL and a likely underestimation of TIPD. Endogenous P losses were positive and no effects of DAPL were observed for TIPD when the dietary Ca concentrations were 0.35%. Therefore, regression analysis of the AIPD of titration diets with a fixed Ca:tP ratio may have limitations in generating accurate estimates of TIPD.
